SUMMARY
Intestinal mucosal hypoperfusion is thought to be important in septic shock patients, both as an indicator of inadequate resuscitation and potentially as a mechanism by which multiorgan failure may occur. Loss of gut barrier function may lead to translocation of bacteria, endotoxin and other dysfunction.
Global haemodynamic measurements are routinely performed in septic shock patients and are of vasoactive agents. However, these measurements do not provide reliable data on gut perfusion, either because of regional redistribution of blood be preserved when cardiac output is decreased. Conversely, therapy used to treat shock can apparently normalise clinical or global variables, but still allow the existence of occult defective tissue oxygenation 1 . Measuring variables of splanchnic perfusion is thought to be a better predictor of the presence of uncompensated shock than markers of global perfusion 2, 3 . In this review the splanchnic circulation and the different techniques that are available to measure adequacy of gastrointestinal perfusion are discussed.
the pathogenesis of multiple organ dysfunction and for prognosticating and treating septic patients.
References were obtained from PubMed and Medline databases from the earliest records to November 2006. We used the following keywords: intestinal, gastrointestinal, splanchnic, perfusion, vasodilatory shock, shock and microcirculation. We also reviewed reference lists of all relevant articles. Laboratory, animal, as well as human studies were included to describe the underlying pathophysiological mechanisms implicated in gastrointestinal perfusion abnormalities in septic shock. We then focused on studies describing techniques that have been used to measure gastrointestinal perfusion in human septic shock situations. Retrospective as well as prospective studies that reported mortality were included to describe the prognostic value of measurement of gastrointestinal perfusion in septic patients. Only prospective controlled studies were included to determine the effects of treatment guided by gastrointestinal perfusion on outcome of septic patients. Finally, animal and human studies reporting the effects of various interventions on gastrointestinal perfusion are discussed, to give an overview of potential treatment strategies that need further studies.
REGULATION OF GASTROINTESTINAL PERFUSION
and microvascular levels of perfusion, is regulated to perform two basic gastrointestinal functions: to digest and absorb ingested nutrients and to sustain barrier function to prevent transepithelial migration of bacteria and antigens.
Three direct branches of the aorta supply the human gastrointestinal system: the coeliac artery, the superior mesenteric artery and the inferior consumes approximately 25% of cardiac output.
by as much as 200% for two to three hours. The mucosal layer receives 70 to 80% of the total blood by metabolic factors such as decreases in PO 2 , pH, or osmolarity, increases in PCO 2 , or adenosine. Other potential vasoactive mediators of the enteric circulation are neural mediators (e.g. sympathetic and parasympathetic tone), circulating humoral mediators (e.g. vasopressin, adrenomedullin, catecholamines) and paracrine and autocrine mediators (e.g. nitric oxide, endothelin-1) 4 .
GASTROINTESTINAL PERFUSION IN SEPTIC SHOCK
Septic shock is characterised by cardiac depression, vasodilation and microcirculatory defects resulting broader perspective, severe dysfunction of the microcirculation in sepsis has been well described and 5 . The metabolic demand for oxygen in the splanchnic region during sepsis is increased, partly by increased hepatic metabolism 6 . In hyperdynamic shock states, mucosal vascular perfusion is compromised, despite decreased total peripheral resistance and increased total splanchnic blood 7, 8 . This appears to be comparable to the situation in post-cardiac surgery patients, where there is no consistent association between local intestinal 9 . Most experimental sepsis models show intestinal microvascular vasoconstriction and hypoperfusion 4 . The observed changes in microcirculatory blood both in early hypodynamic and in resuscitated hyperdynamic septic shock 10 . In early septic shock, autoregulation of microcirculatory mucosal blood from the muscularis towards the mucosa 11 . Acute bacteraemia causes both endothelial alterations and vascular smooth muscle cell changes. Vasomotion (a normally occurring rhythmic process of dilation and contraction) is impaired in magnitude and arterioles following E. coli infusion 12 . Different control mechanisms have been implicated in this impairment of mucosal vascular perfusion. Abnormalities in the nitric oxide system of the mechanisms responsible for the distributive defects observed. Local intestinal oxygen-derived free radicals also play a role in the intestinal microvascular sequelae as the administration of lazaroids-which are antioxidants that scavenge radicals and block lipid radical chain reactionspremucosal arterioles in an animal sepsis model 13 . Gene expression of endothelin-1, a potent vasoconstrictor, is upregulated in sepsis models and implicated in the shift towards a more tonically constricted state. Other mediators that have been associated with the observed mucosal perfusion abnormalities in sepsis include platelet-activating factor and adrenomedullin Cellular hypoxia from these perfusion abnormalities and from possible mitochondrial dysfunction, combined with the direct cytotoxic result in increased gut permeability and impaired immunological gut barrier function. Under ischaemic conditions, enhanced paracellular permeability and epithelial destruction increases the mucosal permeability for endotoxin in human endothelial cell lines, an effect that has also been described in vivo in rats 14 . An impaired gut barrier is thought to play a role and distant organ dysfunction 15 . Numerous animal experiments have shown the importance of bacterial translocation and systemic spill of mediators in the pathogenesis of multiple organ dysfunction syndrome. Haemorrhagic shock can induce the gut to become a cytokine-generating organ 16 . In vitro studies have documented that mesenteric lymph, following haemorrhagic shock, activates neutrophils, is toxic to endothelial cells and increases endothelial permeability 17 . In other experiments, ligation of haemorrhagic shock 18 . In a recent porcine study, mesenteric lymph collected following haemorrhagic shock increased neutrophil activation and endothelial cell permeability as opposed to lymph from control animals 19 . These results indicate that the lymphatic route could be the primary route by which gut injury causes distant organ injury and could explain the reported absence of detectable bacteraemia in human studies of increased gut permeability 20 . However, in one case series several cases of Saccharomyces boulardii fungaemia have been described in critically ill patients who received this agent enterally as a probiotic, possibly as a result of translocation 21 . Increased gut permeability has been found in sepsis 22 , pancreatitis 23 , trauma 24 , burns 25 and following cardiopulmonary bypass surgery 26 . Some of these studies used differential absorption of various polysaccharides of differing molecular weights to of these tests in ICU patients have been described elsewhere 27 . The association between splanchnic been studied in different patient groups. In septic shock patients, the gastric to arterial PCO 2 gap correlated well with systemic levels of tumour necrosis factor-alpha and interleukin-6, indicating that gut 28 . In patients following cardiopulmonary bypass surgery gastrointestinal permeability increased despite delivery 29 . Intestinal mucosal injury is associated with a poor outcome in critically ill patients. In one small study, levels of serum and urine intestinal fatty acid binding protein were measured, which are sensitive and presence of detectable intestinal fatty acid binding protein was associated with a poor prognosis 30 . 
Tonometry
There is now more than 20 years experience with tonometry in humans. With this minimally invasive technique, intraluminal partial pressure of CO 2 is measured.
Most studies have applied tonometry in the stomach, but other sites such as the jejunum, the rectum and sigmoid colon have been examined as well. The difference between intraluminal and arterial partial pressures of CO 2 is called the CO 2 gap or the CO 2 gradient, which should be smaller than 10 mmHg. An increased gradient is indicative of gut hypoxia, especially when the gradient is greater than 20 mmHg. Ischaemic hypoxia due to hypoperfusion results in a more pronounced increase in PCO 2 gradient than hypoxic hypoxia or anaemic hypoxia 31, 32 . The PCO 2 gap is therefore largely dependent on mucosal perfusion and is considered to be a valid measure for gastrointestinal perfusion 33 . The use of the PCO 2 gap has replaced the use of mucosal pH (pHi, calculated from luminal PCO 2 and blood bicarbonate content) regional ischemia 34, 35 . Saline tonometry has been replaced with automated air tonometry because of technical problems, including long equilibration time, variability and lack of quality in the determination of saline PCO 2 , which is discussed elsewhere in more detail [36] [37] [38] .
The variability of gastric PCO 2 in intensive care patients has been compared with systemic haemodynamic parameters. In patients with acute variation for gastric-arterial PCO 2 gradient was 15%, compared with 10% for thermodilution cardiac output measurements 6 . One of the limitations of tonometry is that it only provides information of the site of measurement (e.g. gastric perfusion), which is important in view of the known heterogeneity in microvascular perfusion within the gastrointestinal tract.
Laser Doppler flowmetry
principle of this method is the Doppler shift, the by moving objects, e.g. red blood cells 39 . The output voltage varies linearly with the product of mean red blood cell velocity and red blood cell concentration.
haematocrits. The tissue penetration of the laser is approximately 1 to 3 mm, allowing the study of cannot be measured. Laser Doppler devices indicate units. The results are usually expressed as changes relative to baseline. It has been used to measure muscle and intestine 40 . As a non-invasive instrument, it can also provide information on endotheliumdependent vascular responsiveness in the skin microcirculation 41 . To assess intestinal mucosal perfusion in humans, custom-made laser Doppler catheters have been developed for placement in the lumen of the proximal 42 . Jejunal mucosal perfusion is calculated as the product of jejunal mucosal haematocrit and red blood cell velocity, both of which are measured variables. For example, this technique has been used to study the effects of different vasoconstrictors on jejunal mucosal perfusion after cardiac surgery. In a prospective randomised crossover study in . Positioning of the probes is essential to ensure continuous and steady contact with the surface of the measurement site. The technique gives an average of blood velocities and does not take into account studied, making it less suitable for monitoring of gut perfusion in septic patients.
Reflectance spectrophotometry 44 . This optical technology uses white light (wavelengths between 390 nm and 780 nm) to illuminate tissues. The light quantitatively. Using visible light, the recovered signal is predominantly due to haemoglobin absorption in microvascular haemoglobin oxygen saturation and relative haemoglobin concentration, light from a xenon high-pressure arc lamp is transmitted microlightguide. This microlightguide is introduced through the operation canal of a gastroscope and attached to the mucosal surface under visual control. With newer commercially available instruments, it is also possible to obtain a stable signal without endoscopy by using a probe that is embedded in a nasogastric or rectal tube. Validation studies applying these probes in patients are awaited.
In typical gastrointestinal mucosa, the average haemoglobin saturation is approximately 70%. The the balance between regional oxygen delivery and oxygen uptake. Decreased values may be caused by decreased delivery, enhanced uptake, or a combination of both.
This technique has been applied to measure intestinal mucosal perfusion in ulcer disease, portal hypertension, cardiopulmonary bypass, septic shock and in response to infusion of vasoactive agents 45 . For example, septic shock patients showed a decrease in average gastric mucosal haemoglobin oxygen saturation to 51%, compared with 70% in healthy controls. Infusion of dopexamine increased mucosal saturation in the septic patients by an average of 10% 46 . ments are easily obtained several times per second, real-time monitoring of perfusion is possible.
of oxygen delivery to the mucosa. Several factors can impact the quality of measurements, such as the presence of optically active materials in the lumen (e.g. bile, stool, blood), the effect of pressure when the probe touches the mucosa and the endoscope light. Newer systems correct for an uneven baseline and obtain measurements without touching the mucosa.
Near-infrared spectroscopy
Near-infrared spectroscopy is another non-invasive optical technique to measure tissue oxygenation. Near-infrared light penetrates more deeply into tissues than visible light, therefore enabling measurements in the muscularis propria or deeper structures. Tissue penetration is directly related to the spacing between illumination and detection light depends on the oxygenation state of haemoglobin. Each tissue type has a so-called path length through which the near-infrared light travels. The absolute concentrations of oxygenated and deoxygenated haemoglobin cannot be measured without knowledge of this path length. This problem has been overcome by the development of newer generations of near-infrared spectrometers, often referred to as spatially resolved spectroscopy, allowing additional measurement of a quantitative tissue oxygenation index, which represent the ratio of oxygenated haemoglobin to total haemoglobin. muscles as a non-invasive measure of peripheral perfusion in haemorrhagic and septic shock 40 . It has also been used to measure liver tissue oxygenation transcutaneously in critically ill children, and a good correlation (r=0.72, P <0.0001) with invasively measured central venous oxygen saturation was shown 47 . However, there are several limitations to the latter observations that prevent this tool from being generally applicable in the measurement of hepatosplanchnic perfusion in septic patients. Measurements of single point liver tissue oxygenation show a large inter-individual variation 47 . Also, in adults, the liver is usually not as accessible as in small children and differences in subcutaneous fat differences in measured liver tissue oxygenation.
Furthermore, liver oxygenation may not be a good marker for splanchnic perfusion because of the dual hepatic blood supply and lack of autoregulation.
In animal studies, side-illuminating near-infrared spectroscopy nasogastric probes have been shown
In an experimental haemorrhagic shock model, bowel pH obtained with intraluminal near-infrared spectroscopy correlated well with pH measured with microelectrodes 48 . Human studies of intraluminal near-infrared spectroscopy in septic shock are currently awaited.
Orthogonal polarisation spectral imaging
This recently developed and non-invasive technique microcirculation 49 . It allows microscopic visualisation blood cells in the microvessels. In order to improve spatial resolution and allow for better visualisation of the smallest capillaries, an improved imaging been developed. With this technique, the light guide is surrounded by 530 nm light-emitting diodes. Because this wavelength is absorbed by the haemoglobin of red blood cells, these cells can be using the functional capillary density, which is the length of perfused capillaries per observation area in cm/cm 2 , and by semi-quantitative measurement technique can be used to visualise microcirculation in many organs (e.g. during surgery), it is most commonly applied sublingually. Hand-held devices are commercially available. Limitations include artefacts secondary to movement and secretions, and observer-related bias including the amount of pressure that is used to obtain the images. Nevertheless, in a recent validation study, agreement respectively, for inter-rater and intra-rater variability beds of the sublingual and stoma region during sepsis 50 . Interpretation of the obtained images is time-consuming and software has been developed to analyse and quantify the images.
Although the oropharynx can be considered as part of the gastrointestinal system, perfusion of the tongue is regulated in a complex way, which is different from the way the splanchnic perfusion is controlled. Sublingual orthogonal polarisation spectral (OPS) imaging is therefore not a direct measure of gastrointestinal perfusion. However, OPS-derived measurements have been shown to correlate well with measurements of sublingual capnometry and gastric tonometry in septic patients 51 , but more validating studies are needed.
Indocyanine green clearance
Global liver function and splanchnic perfusion green dye clearance. After venous injection, indocyanine green is eliminated unchanged by the liver into the bile without enterohepatic recirculation. Elimination of indocyanine green is determined excretion into the bile. After administration of a bolus of indocyanine green, the blood clearance can be calculated by taking repeated venous samples measurements.
Alternatively, the plasma disappearance rate can be assessed transcutaneously, with comparable results to venous sampling 52 . The major advantage of the latter is that it is a non-invasive technique. Normal values in healthy control subjects for indocyanine green clearance and for indocyanine green plasma disappearance rate are 2 and 18%/min respectively. As a method to measure splanchnic perfusion, this technique has several limitations. Results are not only dependent on perfusion, but also on hepatic determine what exactly is being measured. Estimated indocyanine green clearance correlates poorly with values obtained using hepatic vein catheterisation and the Fick principle, because of the variability in dye extraction 6 .
Hepatic vein catheterisation
Monitoring of hepatic vein oxygen saturation is invasive and involves the insertion of a hepatic catheter. Fluoroscopic or ultrasound guidance is commonly necessary for adequate insertion. A new technique for blind insertion has been described, biosensor 53 . The use of these catheters appears to be safe. Several studies have documented that the gradient between mixed-venous and hepatic vein saturation is commonly increased in septic shock 54 venous oxygen saturation does not exclude gut hypoperfusion. Hepatic vein lactate measurements can be used to detect splanchnic hypoxia, with similar limitations.
hepatic venous sampling during constant infusion of indocyanine-green, therefore enabling the calculation of the indocyanine-green extraction, as discussed vein catheterisation derived indocyanine green clearance measurements was 9% 55 . In another study using the same technique, the standard error for repeated measurements was 31% 56 .
Plasma D-lactate
Measurement of plasma D-lactate has been suggested to be a marker of splanchnic hypoperfusion. D-lactate is produced by bacterial fermentation in the colonic lumen and subsequently absorbed into the blood. Bacterial overgrowth and increased gut permeability are both features of gastrointestinal dysfunction during septic shock. During hypoperfusion in the gut, both L-lactate and D-lactate are produced in increased amounts. Because humans lack the enzyme D-lactate dehydrogenase, liver metabolism of D-lactate is slower than that of L-lactate. D-Lactate may than L-lactate.
Increased D-lactate levels were found in acute intestinal ischaemia, acute pancreatitis and severe burns [57] [58] [59] [60] . In a study in 20 septic shock patients, D-lactate levels but not L-lactate levels correlated that D-lactate is a better marker for splanchnic hypoperfusion and increased splanchnic luminal CO 2 production than L-lactate in septic patients 61 . These results need to be reproduced by subsequent studies. Further clinical validation of the usefulness of this assay is needed. This technique may not be because of the relatively long half-life of D-lactate. Current clinical use is also limited by the fact that the D-lactate assay is not available in most institutions.
Future techniques
Other techniques are being developed to measure gastrointestinal (mucosal) perfusion or oxygenation. Currently, these methods have limited use in humans and as such are not within the scope of this review. Examples include contrastenhanced ultrasonography 62 and intestinal luminal microdialysis 63, 64 . 
Conclusion

PROGNOSTIC VALUE OF IMPAIRED GASTROINTESTINAL PERFUSION
Gastrointestinal mucosal hypoperfusion in critically ill patients is associated with a poor outcome, as illustrated in Table 2 .
Several studies in different patient populations have investigated the association between gastric intramucosal pH (pHi), gastric mucosal PCO 2 or the gastric to arterial PCO 2 gradient and outcome [65] [66] [67] . In the majority of these studies, a low pHi at admission, or failure to normalise pHi after a set time period (most often 24 hours), discriminates non-survivors from survivors. However, pHi is closely related to the systemic acid-base status, which may partly explain why pHi has been shown to be a good prognostic marker. Only one study investigated the prognostic role of the gastric to arterial PCO 2 gap using automated air tonometry, convincingly demonstrating that the PCO 2 gap is a marker of mortality in ventilated ICU patients 65 .
In a recent study, global haemodynamic variables were compared with different regional variables in 28 septic patients. After initial resuscitation aimed at improving global pressure-related haemodynamics, hepatosplanchnic variables but not global haemodynamic variables were independent predictors of outcome. Gastric mucosal pH, mucosal to end-tidal CO 2 gap and indocyanine green blood clearance were the most important predictors of outcome 78 . Indocyanine green elimination rate has been shown to correlate with survival in critically ill and septic shock patients in other studies as well [79] [80] [81] . Sakka et al retrospectively studied 336 critically ill patients who were monitored with transpulmonary double indicator dilution technique. The lowest value of indocyanine green plasma disappearance rate (n=168) than in survivors (n=168) (median, 6.4%/min vs. 16.5%/min). The area under the ROC curve as a measure of accuracy was 0.8 when using the lowest ICG-PDR in each patient and found to be comparable with values obtained with APACHE II and SAPS II scores. The predictive value of IGC-PDR was found to be independent from the underlying disease, as subgroup analysis showed that in sepsis, ARDS and all other patients, the IGC-PDR 80 . In one small study looking at endoscopic ventilated septic patients were approximately 40 to 50% of values found in healthy control patients. This impairment of gastroduodenal perfusion was associated with a higher in-hospital mortality than predicted by APACHE II (83% vs. 25%) 82 . Persistent abnormalities in the sublingual microcirculation of septic patients (as visualised with orthogonal polarisation spectral imaging) are associated with organ failure and death. Sakr et al found that at the onset of shock, survivors and non-survivors had similar vascular density and percentage of perfused small vessels. However, small survivors but not in non-survivors. Despite similar of vasopressors at the end of shock, patients dying after the resolution of shock in multiple organ failure small vessels than survivors (57.4% vs. 79.3%) 83 . Plasma D-lactate has also been studied as a prognostic marker. A rapid decrease in plasma D-lactate levels, but not L-lactate levels, between day one and two in septic shock patients, discriminated between survivors and non-survivors 84 . In summary, these results show that measurements of gut perfusion can be used to predict outcome in septic patients.
TREATMENT OF GASTROINTESTINAL PERFUSION DEFECTS
Gut injury has been shown to be associated with organ failure in septic patients. In view of the abovedescribed correlations between splanchnic perfusion and prognosis, interventions targeted at preventing or ameliorating gut injury are warranted. However, many of the studies that we report on below show disappointingly negative results; presumably in part due to small sample size and ineffective therapies that do not reach their treatment goals. They do clearly demonstrate that hyper-aggressive use of some 'traditional' method of macrovascular resuscitation (usually applied in the treatment arm of the study) often fails to improve gastrointestinal microcirculatory function. It is likely that radical new approaches to microvascular resuscitation are needed before we can expect to achieve positive survival section.
Global and regional resuscitation
Resuscitation strategies aimed at global haemodynamic parameters often fail to improve gastrointestinal perfusion and microcirculation. Prospective randomised controlled studies that have investigated the effect of treatment strategies perfusion on clinically important outcome parameters are listed in Table 3 .
Two small controlled studies in different patient populations have examined whether treatment aimed at increasing gastric intramucosal pH (pHi) improves 69, 85 in mortality or morbidity between the treatment groups and the control groups. However, both studies were not adequately powered to detect differences in outcome. Moreover, failure of the intervention strongly predicted poor outcome in both studies.
Three larger controlled studies-that investigated therapy in critically ill patients-were performed in 260, 210 and 151 patients [86] [87] [88] . In all three studies, patients in the intervention groups with a low pHi agents in an attempt to correct the abnormal pHi and to improve outcome. In one study, patients in a second intervention group additionally received perfusion and minimising reperfusion damage, including mannitol, hydrocortisone, antioxidants, glutamine and vasodilator therapy 88 . Only the guided treatment 86 . In this study, patients admitted with a low pHi had similar survival rates in both the intervention and the control group (36% vs. 36%). However, in patients with a normal admission pHi, than in the control group (58% vs. 42%, P <0.01). These patients received additional resuscitation whenever pHi fell below a certain level. This drop in pHi indicated potential inadequate resuscitation despite normal global haemodynamics. The authors suggested that timing of the intervention could be crucial and that their therapeutic approach could be ineffective after prolonged (irreversible?) mucosal acidosis as seen in the patients admitted with a low pHi. However, treatment in the control arm of this multicentre study was not standardised. This, combined with the high mortality in the control group, suggests that the difference in mortality may have been unrelated to the treatment of low pHi. Interestingly, in general, attempts at correction of pHi in the three trials usually failed to alter this parameter (compared to baseline or to the control suggests that the additional treatment provided, in resuscitating or recruiting the gastrointestinal microcirculation. In the two trials that measured pHi in the control patients as well 86, 87 , admission pHi tonometry. An important limitation of these studies is the use of saline tonometry derived pHi as the marker for gastrointestinal hypoperfusion (as discussed earlier, this has been replaced by the more accurate automated gas tonometry). Also, it is important to realise that the patient population studied was heterogeneous and not limited to a diagnosis of septic shock. Moreover, different resuscitation protocols were used, including infusion of crystalloids, colloids and blood products. The perfusion is variable and dependent on the type of loading in septic patients, with or without subsequent reduction of vasopressor dose, is not necessarily associated with an increase in splanchnic blood 89, 90 (e.g. composition and tonicity), which may result in to gastrointestinal perfusion, hydroxyethyl starch (HES) has shown to have a more pronounced 91, 92 . In a recent uncontrolled study in septic patients, the PCO 2 was variable between patients. Improvement was more pronounced in septic patients with an abnormal baseline PCO 2 gap, indicating the actual presence of gastrointestinal mucosal hypoperfusion 93 . Theoretically and supported by 7.5% hypertonic saline solution) has the potential to recruit gastrointestinal microcirculation 94 . In a recent animal study, hypertonic saline decreased thermal injury induced bacterial translocation in the gut, and enhanced host response to bacterial challenge by augmenting Toll-like receptor expression 95 . The effect of hypertonic microcirculation and immunomodulation is the subject of an ongoing randomised controlled study in septic shock patients. Finally, transfusion of red blood cells to enhance systemic oxygen delivery in septic patients failed to improve gastric pHi in two studies 96, 97 . In conclusion, resuscitation of septic shock patients on the basis of tonometry has not convincingly been shown to improve outcome. Patient heterogeneity, lack of statistical power, the use of saline tonometry and failure of the treatment protocols to actually improve pHi may explain this outcome and illustrates the fact that the therapies studied seem generally not effective in actually resuscitating mucosal microcirculation.
Vasoactive therapy
gastrointestinal perfusion in septic shock has been well described in a recent review article and will not be further elaborated on 98 . In summary, increasing perfusion pressure with vasopressor therapy in or impair splanchnic perfusion 99, 100 . However, from a microcirculatory perspective, vasopressors should be applied with caution 101 . We have previously shown that vasopressin infusion in septic shock patients treated with high dose noradrenaline results in a CO 2 gap 102 . Preliminary results from the Vasopressin and Septic Shock Trial show that vasopressin infusion in patients require low dose noradrenaline, but demonstrate no improved outcome in patients with 'high' dose was reported, this potentially may have been caused by inadvertent effects on gastrointestinal perfusion.
While pressure-guided resuscitation in septic patients has consistently been found to be effective in restoring systemic blood pressure, it does not, by microcirculatory perfusion 83 . Vasodilator therapy increases the driving pressure at the entrance of the microcirculation and is potentially able to recruit microcirculatory perfusion 103 . One of the problems in interpreting the results of administration of vasodilator drugs is that these drugs often have other pharmacological effects as well (e.g. reduction in leucocyte adhesion and platelet aggregation). Nitric oxide donors such as nitroglycerine improved gut microcirculation in a number of animal experiments 103 and also improved observational uncontrolled human study, as measured by orthogonal polarisation spectral imaging 104 . However, as part of a complex therapeutic intervention protocol to resuscitate trauma patients and prevent ischaemia-reperfusion damage, vasodilators failed to correct a low pHi 88 . Prostacyclin and its analogue iloprost have vasodilator and cytoprotective properties. Administration of these drugs in septic patients either intravenously or aerosolised increased gastric intramucosal pH in two studies 105, 106 . In a prospective uncontrolled study in 20 septic shock patients, iloprost was infused and plasma disappearance rate 24 hours after start of iloprost infusion (baseline: decreased one hour after end of infusion 107 . Iloprost also improved cardiac index and global hepato-splanchnic perfusion in another small uncontrolled study in septic shock patients 108 . The complex interactions between the exogenous administered vasodilators and the endogenous sepsisinduced vasodilatory mechanisms (e.g. through iNOS activation) are not well understood. This makes attempting to administer vasodilator drugs to a critically ill septic patient who is concurrently requiring vasoconstrictors to maintain adequate macrocirculatory parameters.
Enteral nutrition
gastrointestinal system increases during the digestion and absorption of nutrients. Regulation of this postprandial hyperaemia is complex 4 . In several clinical situations, enteral feeding has been shown to prevent or ameliorate the increase in gut by the disease state. For example, in one study, multiple injured patients who had recovered from shock within six hours were randomised in an early enteral nutrition group and a late enteral nutrition group. Intestinal permeability was measured using a lactose/mannitol (L/M) clearance assay. On post the second group, suggesting that immediate enteral nutrition protects against an increase in intestinal permeability induced by multiple injury 109 . In surgical critically ill patients, early administration of enteral nutrition decreases the number of infectious complications and the length of hospital stay 110, 111 . The mechanisms by which enteral nutrition is thought to decrease the pathological gut permeability include an increase in hepatolymphoid tissue atrophy and modulation of immunological phenomena 110, 112 .
Experimental therapies
Endothelium-derived substances such as endothelin and nitric oxide are recognised as Selective inhibition of inducible nitric oxide synthase blunted the progressive increase in ileal to arterial Pco 2 gap in an animal model of long-term endotoxaemia 113 . The use of endothelin receptor antagonists has been studied in several animal models of septic shock. In one porcine study, bosentan completely restored the gut oxygen delivery with a reversal of intestinal mucosal acidosis as measured by ileal tonometry 114 .
plays an important role in the regulation shock 115 . In patients with severe sepsis, endothelin plasma levels are markedly increased 116 . To our knowledge, there are no studies published to date that look at the effects of endothelin receptor antagonists in septic patients. Timing of these potential interventions would seem to be crucial. The selective inhibition of inducible nitric oxide synthase during the hyperdynamic, earlier phase of sepsis combined with the blockade of endothelin receptors at a later stage may represent a novel promising strategy for the therapy of septic shock 117 . Blockade of the angiotensin II type 1 receptor ameliorates splanchnic hypoperfusion in acute experimental circulatory failure. In animal models of septic shock however, administration of the angiotensin II type 1 receptor antagonist candesartan had no effect on mucosal acidosis 118 . Although survival improved when used as pretreatment, survival decreased compared to controls when candesartan was administered during endotoxaemia 119 .
DISCUSSION
Septic shock is associated with splanchnic perfusion abnormalities, which can be measured with several techniques as discussed above. These perfusion abnormalities are associated with a poor outcome. The main question now is: if impairment of splanchnic mucosal perfusion in sepsis adversely affects outcome, why have trials aimed at improving explanations may be considered. First of all, the majority of studies have looked at intermediate physiologic effects (e.g. gastric intramucosal pH) and not at mortality as primary outcome measure. Clearly, if an intervention-which is targeted to improve mucosal microcirculatory perfusion-fails difference in outcome. The effect of those treatment strategies that are actually potentially capable of effectively restoring systemic and gastrointestinal resuscitation) on outcome in septic patients has not yet been studied. Measurement of treatment effects on physiologic variables such as splanchnic perfusion has potential intrinsic problems. Measurement errors can produce false positive as well as false negative results. The magnitude of treatment effect has to be greater than the baseline physiologic variability of the variable studied. Knowledge of this variability is essential in interpreting the results of these measurements. demonstrated to exhibit a circadian variation 120 . Animal experiments suggest that splanchnic haemodynamic parameters could exhibit a more pronounced variability than systemic haemodynamics 6 . Some of the physiologic abdominal pressure variation during the respiratory cycle. However, in patients with acute lung injury, lung recruitment manoeuvres and prone positioning mucosal perfusion 121, 122 . There is also the possibility that splanchnic hypoperfusion is a marker of disease or an epiphenomenon rather than a factor in its pathogenesis. However, as outlined above, current experimental evidence supports the hypothesis that mucosal microcirculatory abnormalities play a role multiple organ failure. From this pathophysiological understanding, it would seem likely that the resuscitation treatments would be to prevent an late sepsis-associated deaths (usually from multiple organ failure). However, the subset of septic patients who die from the primary infective insult (such as fulminant meningococcaemia) would not be expected to a more common dilemma present in sepsis studies. The pathogenesis and pathophysiology of sepsis is complex. Sepsis can be looked at as a self-regulating complex system, with multiple cascading non-linear interactions and feedbacks, acting in series and in parallel, to form a 'scale-free' network. As such, interfering with one variable is unlikely to change the course of the disease process 123 . Many 'magic bullets' have been considered and subsequently shown to yield disappointing results in clinical trials. An approach targeted at different elements of that complex system therefore seems more rational. Examples are resuscitation strategies that at the same time modulate the immune response, such as nitric oxide inhibitors as vasopressors.
CONCLUSION
Normal regulation of gastrointestinal blood mucosal hypoperfusion. Gastrointestinal mucosal hypoperfusion is an important marker, and also probably a cause, of poor prognosis in septic patients. Impaired gut barrier function could play a role in distant multiple organ dysfunction.
The aim of monitoring splanchnic perfusion is to detect, prevent and reverse tissue hypoperfusion. Several techniques have been developed to measure gastrointestinal perfusion. These methods share the ability to predict outcome in septic shock patients. Gastric tonometry is the most widely used technique because of its non-invasiveness and ease of use. However, as treatment strategies aimed at improving gastrointestinal perfusion have not been able to correct mucosal perfusion abnormalities and hence have not shown to improve outcome, the use of these tools in clinical decision-making is currently limited.
New treatment strategies for septic shock should be tested for their effects on gastrointestinal perfusion; to further clarify its exact role in patient management, and to prevent therapies detrimental to gastrointestinal perfusion being implemented.
